In a recent work we have been able to model the long-range interactions within the H 2 O molecule. Using these long-range energy terms, a complete potential energy surface has been obtained by fitting high-quality ab initio energies to a double-valued functional form in order to describe the crossing between the two lowest-potential-energy surfaces. The two diabatic surfaces are represented using the double many-body expansion model, and the crossing term is represented using a three-body energy function. To warrant a coherent and accurate description for all the dissociation channels we have refitted the potential energy functions for the H 2 ( 3 ⌺ u ϩ ), OH( 2 ⌸), and OH( 2 ⌺) diatomics. To represent the three-body extended Hartree-Fock nonelectrostatic energy terms, V 1 , V 2 , and V 12 , we have chosen a polynomial on the symmetric coordinates times a range factor in a total of 148 coefficients. Although we have not used spectroscopic data in the fitting procedure, vibrational calculations, performed in this new surface using the DVR3D program suite, show a reasonable agreement with experimental data. We have also done a preliminary quasiclassical trajectory study ͑300 K͒. Our rate constant for the reaction O(
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I. INTRODUCTION
Although there have been a lot of recent studies on the potential energy surface ͑PES͒ for the X 1 A 1 ground state of the H 2 O molecule, [1] [2] [3] [4] [5] [6] [7] the published potential energy surfaces do not equally cover the bottom of the well and the longrange part of the potential.
Mainly interested in the rovibrational spectra of water, the most recent potential energy surfaces do not reproduce the long-range interactions or use a simplified form to emulate them, neglecting ''the intramolecular dependence of the atom-diatom dispersion coefficients'' and the electrostatic quadrupole-quadrupole interaction between the O atom and H 2 diatom.
On the other hand, the O( 1 D)ϩH 2 ( 1 ⌺ g ϩ )→OH( 2 ⌸) ϩH( 2 S) reaction, which occurs mainly in this system, is believed to have a null activation barrier. So the long-range forces between the O atom and H 2 diatomic should play an important role 8 in the dynamics of this important reaction in atmospheric and combustion chemistry. Recently 9 we have been able to model the long-range interactions between the atoms and diatoms in their ground and first excited states as they appear as fragments in the water dissociation. The computed long-range coefficients, which are a function of the interaction angle and the interatomic distance of the diatomic, have been used to build potential energy functions to represent the electrostatic induction and dispersion energies within this system.
With this work, we aim to obtain an accurate potential energy surface for this system, covering all configurational space and the different dissociation channels allowed by spin and symmetry correlation as described by the following equations:
͑1͒
To accomplish it, we used a double-valued functional form 10 to represent the two lowest 1 A 1 surfaces. The adiabatic surfaces V X and V B are the two eigenvalues of a 2 ϫ2 matrix, where the diagonal terms are diabatic surfaces and the nondiagonal term represents the coupling between them. Due to the different dissociation channels and crossings of the upper sheet, this potential only reproduces accurately the ground-state potential energy surface, V B being an approximation to the first excited state:
Each diabatic surface V 1 and V 2 , is represented within the double many-body expansion ͑DMBE͒ framework 11 and the crossing term V 12 is represented using a three-body en-ergy function. According to the DMBE method each ''manybody energy term'' is divided as the sum of a short-range term called V EHF,nele (nele stands for nonelectrostatic energy͒ and a long-range energy term V LR . The first one accounts for the extended Hartree-Fock ͑EHF͒ energy, which includes the nondynamical correlation essential for the description of the bond dissociation. The second term includes the dynamic correlation energy, which appears in secondorder perturbation theory. However, due to its long-range dependence, the electrostatic and induction energies are subtracted from the extended Hartree-Fock energy and included in the V LR term. On the other hand, the intra-and inter-intraatomic correlation terms, which depend on the superposition integrals, are included in the V EHF,nele energy term.
The three-body terms in this potential have been defined using accurate ab initio data from the literature. To cover some regions of the configurational space where there was a lack of information, we have also done ab initio multiconfigurational self-consistent-field ͑MCSCF͒ calculations using a triple-basis set augmented with tight and diffuse functions. 12 The quality of this new potential energy surface has been assessed with vibrational ab initio calculations and dynamical studies using quasiclassical trajectories ͑QCTs͒.
This article is organized as follows: Section II presents the diatomic potentials we have refitted from accurate ab initio 13, 14 or Rydberg-Klein-Rees ͑RKR͒ spectroscopic data. 15 Section III a brief summary of the long-range interactions 9 used in this potential energy surface. Section IV describes the ab initio points and selection criteria as well as the functional form and numerical approach we used in the fitting procedure. In Sec. V we present a general overview of this surface. In Sec. VI we describe test calculations and comparison with experimental values: in Sec. VI A, preliminary QCT study at 300 K, and in Sec. VI B, the spectroscopic study we have done using the DVR3D suite of programs. 16 In Sec. VII we make some conclusions.
II. DIATOMIC POTENTIALS
To represent the four diatomic potentials resulting from the dissociation of the H 2 O ground-state molecule, Eq. ͑1͒, we use the EHFACE2U potential model, method III. 17 Those potentials are constrained to satisfy a normalized kinetic field, and so they have a correct behavior at R→0. Also the V EHF term has a correct asymptotic behavior at R→ϱ, reproducing the leading term for the exchange energy. They also have a dispersion energy term suitably damped.
However, as all the published potentials have different damping functions and functional forms, we have decided to use the diatomic potential for the H 2 (X 1 ⌺ g ϩ ) ͑Ref. 17͒ and refitted three of them using the accurate ab initio results of Kołos and Wolniewicz 13, 14 for the H 2 (ã 3 ⌺ u ϩ ) and the RKR experimental data points of Fallon et al. 15 for both OH ( 2 ⌸ and 2 ⌺) diatomic states. We need to use the same damping functions in order to get a coherent representation of the three-body exchange-dispersion energy terms.
The functional form we used to represent the diatomic potentials can be described by
where V dc (2) is the usual dispersion correlation energy given by Eq. ͑4͒. 11, 18 With the exception of the C n values and the reduced coordinate in the damping function n , this term is the same for all diatomics:
In Eq. ͑4͒ we use the universal damping functions 11,18
where
and is a reduced coordinate defined by
where R m is the equilibrium diatomic geometry and R 0 is the Le Roy 19 parameter for the breakdown of the asymptotic expansion of the dispersion energy:
In contrast, the V EHF (2) functional form has slight variations depending on the particular diatomic and their coefficients have been fitted to reproduce the total potential.
For the H 2 ( 3 ⌺ u ϩ ), we have used the accurate ab initio results of Kołos and Wolniewicz 13, 14 to fit this potential. To represent the V EHF (2) term we use the expression
where XϭRϪR m , R is the internuclear distance in the diatomic, R m is the equilibrium internuclear distance, and V exc asym represents the asymptotic exchange energy. This last term is here the symmetric of the one for the singlet state,
and, similarly to the work of Varandas and Dias da Silva, 17 the asymptotic exchange energy is damped by the function exc , which is approximated by the universal damping function ͓Eq. ͑5͔͒ using nϭ6, 6 .
In addition, to guide the potential at very short distances we have calculated two new points at the MCSCF level.
The calculations have been made using the suite programs GAMESS ͑Ref. 20͒ and augmented triple-quality basis set: (5s2p1d/3s2 p1d) with diffuse (1s1 p1d) functions. 12 To compare our calculations with the literature results 13, 14 we have made a set of calculations at other internuclear distances. In Fig. 1 , we present seven points ͑᭝͒ we have calculated. This figure shows the comparison with the literature data ͑᭺͒. The two types of results are very close. The points we have used in the fitting procedure to obtain this diatomic potential are quoted in the Table I .
The coefficients that define the complete potential for H 2 ( 3 ⌺ u ϩ ), Eqs. ͑4͒ and ͑10͒, are quoted in Table II , and Fig. 1 21 to the RKR spectroscopic data. 15 The asymptotic exchange term has been taken from that work, 21 and the dispersion coefficients have been semiempirically estimated from polarizability data in a way similar to previous work. 9 For completeness, we display the functional form for the V EHF (2) expression 21 
V EHF
and the remaining terms have the same meaning as in Eq. ͑10͒. Table III quotes the parameters to use in Eqs. ͑12͒-͑14͒ for both states of the OH diatomic, and Fig. 2 shows the diatomic potential for the OH( 2 ⌸).
III. LONG-RANGE INTERACTIONS
An important feature of this new potential energy surface for H 2 O is the ability to accurately reproduce the longrange interactions between the atoms and diatoms in their ground and first excited states as they appear as fragments in the water dissociation: see Eq. ͑1͒. The functional forms used to represent those interactions have been described elsewhere. 9 As an example, we present in Fig. 3 a contour plot of the three-body electrostatic energy for an O(
IV. THREE-BODY EHF ENERGY TERMS

A. Input data
Using these long-range energy functions and the accurate diatomic potentials, the three-body EHF energy terms for V 1 All these calculations include the dynamic correlation. Moreover, these energies have been semiempirically corrected by the scaled external correlation method 24 ͑SEC͒ to account for the incompleteness of the basis set and higherorder excitation terms.
To minimize the possible inconsistencies between the different sets of data we decided to start from the highquality points of set 1. We have discarded the points of sets 2 and 3 whose ''distance'' to any point of set 1 was less than 0.5a 0 . A similar criterion has been used for sets 2 and 3. In cases where this ''distance'' is lower than 0.5a 0 only the points of set 3 have been considered. By ''distance'' between two points i and j, D i j , we mean the result of the expression
Also to avoid inconsistencies with our accurate longrange energy term, 9 we have discarded those points whose configuration has at least one interatomic distance R 1 , R 2 , or R 3 greater than 5.5a 0 .
As the authors have published only the total interaction energies, the three-body extended Hartree-Fock nonelectrostatic term V EHF,nele (3) was obtained from the total energy for this system subtracting the two-body terms and the threebody dynamic correlation energy as well as the electrostatic and induction energies as modeled in our previous work. 9 In regions not covered by those ab initio points we have computed some additional points at the MCSCF level. These calculations have been made with the suite programs GAMESS ͑Ref. 20͒ and using a augmented triple-quality basis set: the above referred basis set for the H atom and (10s5 p3d1 f /4s3 p2d1 f ) augmented with tight functions (2s2p1d) and diffuse (1s1p1d1 f ) for the O atom. 25 To define the active space for the multiconfiguration calculations we have used all the molecular orbitals generated from the 1s and 2s orbitals of H atom and 1s, 2s, 2p, 3s, and 3p orbitals of the O atom. We have considered all configurations generated within this space. (3) . The diatomic has been fixed at the internuclear distance 1.401a 0 , with the geometric center in the origin. The contours are spaced by 0.5mE h and the beginning Ϫ7.0mE h (Oϭ0.0mE h ). In this figure, and in the remaining ones, X and Y are the Cartesian coordinates of the moving atom. a 2ϫ2 matrix. They correspond to two adiabatic surfaces V X and V B represented by the double-valued functional form, Eq. ͑2͒. These adiabatic surfaces are computed from the diabatic surfaces V 1 and V 2 and the crossing term V 12 that couples them.
Following the work of Murrell et al., 10 for the H 2 O molecule we can write the two diabatic surfaces
͑ R͒,
where V I(EHF,nele) (3) ͑with Iϭ1, 2, and 12͒ are the different three-body nonelectrostatic EHF energies terms, and V 1(LR) (3) and V 2(LR) (3) represent the sum of V ind (3) , V ele (3) , and V dc (3) ͑pre-viously defined for each diabatic surface V 1 and V 2 ).
In order to define the two adiabatic surfaces (V X and V B ), we need to fit three terms: the diabatic surfaces V 1 and V 2 and the crossing term V 12 . We used the following procedure:
͑i͒
We used the description of the PES of Murrell et al. 10 to define the crossing regions. ͑ii͒
We considered that in regions far from the crossing, the diabatic surfaces coincide with the adiabatic surfaces. ͑iii͒ We attributed each ab initio point to the diabatic surfaces V 1 and V 2 . Whenever the point is located near to the crossing region, where the term of coupling V 12 is significant, it will be attributed directly to the surface V X or V B . ͑iv͒ We have done a preliminary study on the diabatic surfaces V 1 and V 2 in order to define the number of parameters necessary to get a good fit. Whenever necessary we have computed additional points. ͑v͒ Those preliminary parameters have been used as a starting point for a global fitting where the points attributed ͑a͒ directly to the V 1 ͑or V 2 ) diabatic surface were used to fit the function that defines the V 1 ͑or V 2 ) surface and would take value of zero in the fitting to the V 12 term and ͑b͒ to the V X ͑or V B ) adiabatic surface were used to fit the function that defines the V X ͑or V B ) surface, that includes the V 1 and V 2 functions and the coupling term V 12 .
As described above, we have verified that in some regions the information was insufficient to define the true behavior of the surface and we carried out some calculations for the H 2 O system. We refer, in particular, the V 2 diabatic surface and the united atom limit on the V 1 surface. In this last case we have estimated the three-body V EHF,nele energy term from the energy of the united atom limit of OϩHϩH ͑Ne atom͒ subtracting the energy of the diatomics united atoms ͑two F atoms and one He atom͒. All these calculations have been done using a basis set with similar quality and using the same active space as for H 2 O.
Table IV presents the ab initio points used in the building of this potential energy surface. As an example, we display in Fig. 4 the distribution points used in this fitting for the C 2v insertion of the O atom in the H 2 diatomic.
The functional form used to represent the nonelectrostatic three-body terms, for each term of this potential energy surface, V I,Iϭ1,2,12 , can be presented by a product of a polynomial form using symmetry coordinates (Q 1 , Q 2 , and Q 3 ), 27 P, with a range factor D:
The use of the D 3h symmetry coordinates is an easy way to include the permutation symmetry of the H 2 O system on 
and R 1 (i) , R 2 (i) , and R 3 (i) are a reference geometry for each potential term, whose values are quoted in Table V . For V 1 we used as reference the equilibrium position of the water molecule; for V 2 and V 12 we found convenient to use C 2v geometries whose perimeter is close to the region where those terms should play an important role.
We considered it convenient to use polynomials of degree 8 ͑95 terms͒, 5 ͑34 terms͒, and 3 ͑13 terms͒ for the components V 1 , V 2 , and V 12 , respectively, in order to get an accurate fit avoiding any nonrealistic behavior in regions not covered by the ab initio data. These polynomial terms, used to define the three-body EHF terms, are indicated in the Eqs. ͑20͒, ͑21͒, and ͑22͒: The decay functions we used in terms V 1 ͓Eq. ͑23͔͒ and V 2 ͓Eq. ͑24͔͒ are the usual product of hyperbolic tangent functions. However, the decay for the V 12 term ͓Eq. ͑25͔͒ deserves special attention: instead of a hyperbolic tangent we have used Gaussian functions to cancel this term far from the interest region; for collinear configurations the two diabatic surfaces correlate with states of different symmetry and the coupling term should be zero, which is accomplished with the term sin(ЄHOH) in Eq. ͑25͒; the coupling strength being dependent on the difference between the diabatic surfaces, we have included a Gaussian term function of that difference:
…͔. ͑25͒
Similar to the definition of the symmetry coordinates Q i , in Eq. ͑18͒, in the decay functions ͑23͒, ͑24͒, and ͑25͒ we use a displacement from the same reference geometry.
To warrant a good description to the region closed to the equilibrium geometry of the water molecule, we used a general weighting function, Eq. ͑26͒, to the points assigned to V 1 , where w and E re f assume the values 6000 and 0.3704E h , respectively:
.
͑26͒
Additionally, we multiply this weight by a factor of 200 if the configuration is close to this minimum-i.e., if it satisfies the condition expressed by Eq. ͑27͒:
Similarly, for the points assigned to V 2 , V X , V B , and V 12 we used Eq. ͑26͒ where w assumes the values 50, 100, 1, and 10, respectively. Only for V 2 points has the value of E re f been changed to 0.172E h . This value corresponds to the average between the minimum of two diatomics, H 2 ( 1 ⌺ g ϩ ) and OH( 2 ⌸), respectively, 0.17447E h and 0.1702E h . During the fitting procedure special weights have been assigned to selected points.
The coefficient values we have obtained on the final fit are quoted in Tables VI, VII, and VIII.
V. GENERAL OVERVIEW OF A NEW PES
In Table IX we present the geometry of the stable minimum of the water molecule, obtained from this surface and from some of the most recent published potentials. Fig. 9 . From these figures the crossing between these diabatic surfaces is apparent particularly at the collinear geometries where the coupling term vanishes. It is important to notice the saddle point for the isomerization of H 2 O, 11 346 cm Ϫ1 above the bottom well ͑this value does not include any correction: see point ͑1͒ in Table XI͒ , which plays an important role in the vibrational spectra and dynamics of a high-energy H 2 O molecule. 28 This point is best viewed as a minimum in Fig. 10 where we plot the collinear stretching of the two H atoms on the ground-state surface. This figure clearly shows the crossing at these geometries of surface V 1 , H 2 O( 1 ⌺ ϩ ) state, shown in Fig. 11 Fig. 7 .
Another interesting view of this surface is the approach of a O( 1 D) atom to an equilibrium H 2 ( 1 ⌺ g ϩ ) shown as a contour plot in Fig. 13 and in a perspective view in Fig. 14 . This approach plays an important role on the reaction
The main feature we can see in this figure is the null activation barrier of this approach. The special contours give us a closer view where we can see a small van der Waals minimum and a small saddle point under the dissociation limit for the C 2v insertion, points ͑3͒ and ͑4͒ of Table XI.
In the work of Walch and Harding, 23 they obtained a smaller barrier (Ͻ0.2 kcal/mol) to collinear addition ( 1 ⌺ ϩ surface͒ and did not find a barrier to edge-on insertion ( 1 AЈ ground-state water surface͒, which is in agreement with our results.
VI. PRELIMINARY STUDIES OF THIS PES
We have done same preliminary studies in order to test the PES here presented. We present a QCT study at 300 K, where we compare these results with experimental data obtained from the literature and other surfaces. Those preliminary studies allow us to survey some characteristics and the A. QCT study at 300 K
reaction is believed to have a null activation barrier. So the long-range forces between the O atom and the H 2 diatomic should play an important role on the dynamics of this important reaction in atmospheric and combustion chemistry.
The thermal rate constant at 300 K, for which there are more accurate data in literature has been computed using quasiclassical trajectory dynamic studies on the new H 2 O potential energy surface. It has been shown that due to the electrostatic coupling between the ⌺ and ⌸ states of lower energy at linear configurations, higher surfaces should contribute about 10% ͑Ref. 29͒ to the cross section at this temperature.
Using a batch of 5000 trajectories we estimate for the thermal rate constant a value of 0.999Ϯ0.024ϫ10 
B. Spectroscopic study
We used our PES to carry out some spectroscopic calculations using the DVR3D suite of programs. 16 For this system, H 2 O, we used Radau coordinates, 35, 36 which are the appropriate coordinates for the ABC molecule, where one atom is bigger than the other two.
In Table XII we compare the calculated vibrational levels using our PES and using two versions of the potential from Partridge and Schwenke 4 ͑PS1 and PS2͒ and the potential of Polyansky, Jensen, and Tennyson 2 ͑PJT͒. Those results have been compared to the experimental values obtained in the literature. In conventional notation, 1 , 2 , and 3 represent the symmetric stretching, bending, and antisymmetric stretching, respectively.
Note that the PJT and PS2 potentials have been fitted to accurate spectroscopic data and our PES as well as PS1 use only ab initio data. In the vibrational calculations on the PS potentials we use the nuclear masses similar to Partridge and Schwenke and in the other calculations we use the atomic masses. Table XII shows the reasonable results we have obtained with this new potential. This is due to the good quality of the ab initio points used and to the quality of the fitting in the region close to the bottom well.
VII. CONCLUSIONS
The main objective of this work was to build a PES for the water molecule in its fundamental state, H 2 O(X 1 AЈ). In this PES we take into account all the dissociation channels allowed by spin symmetry correlation, using the long-range interactions previously defined, 9 including the atom-diatom anisotropy and their dependence on the diatom coordinate. For the regions of strong interaction we have used ab initio data available in the literature.
We have attributed the ab initio data to the V 1 and V 2 diabatic surfaces in regions far from the crossing and to the V X and V B adiabatic surfaces in regions where the coupling term should play an important role. It has been necessary to carry out ab initio calculations for some geometries where the existing information was missing. The two adiabatic surfaces have been obtained in a global fit to define V 1 , V 2 and the coupling term V 12 in a total of 148 parameters.
We have performed quasiclassical trajectories studies in order to assess the importance of the long-range interactions carefully implemented in this PES. The close agreement with experiment reinforces this idea. Calculations of the vibrational levels have been done using the new surface. These have been compared with the results on other surfaces and experiment. The agreement obtained owes its quality to the effectiveness of the ab initio points as well as to the fitting procedure. 
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